The chonotrichs are sessile ciliated protozoa that are ectosymbiotic on the body parts of a variety of crustaceans. They have long been considered a separate group because their sessile habit has resulted in the evolution of a very divergent body form and reproductive strategy compared to free-living ciliates. In the mid-20th Century, the free-living dysteriid cyrtophorian ciliates were proposed as a potential sister clade because the chonotrich bud or daughter cell showed similarities during division morphogenesis (i.e. ontogeny) to these free-living dysteriids. A single small subunit (SSU) rRNA gene sequence is available for the chonotrich Isochona sp. However, its authenticity has recently been questioned, and the placement of this sequence within the dysteriid clade has added to this controversy. In this report, the SSUrRNA gene sequence of the chonotrich Chilodochona carcini, ectosymbiotic on the green crab Carcinus maenas, is provided. Topology testing of the SSUrRNA gene phylogeny, constructed by Bayesian Inference, robustly supports the sister-group relationship of Isochona sp. and Chilodochona carcini, the monophyly of these two chonotrichs, and the divergence of the chonotrich clade within the dysteriid clade.
INTRODUCTION
The chonotrichs, which are sessile symbionts, typically on the mouthparts of crustaceans, have long been recognized as a group of ciliates, although their position within the phylum was not stable until the late 20th Century (Corliss, 1979) . Like the sessile suctorians and peritrichs, chonotrichs were separated out from other more motile groups at a high taxonomic rank, primarily because of their sessile nature and the unusual morphology associated with their sessility. Guilcher (1951) carefully studied the morphology of the dispersive/divisional stage of the chonotrichs, the bud or swarmer, and recognized homologies with free-living cyrtophorian ciliates, a conclusion confirmed by, among others, Dobroza nska-Kaczanowska (1963) . Grain & Batisse (1974) examined the cortical microtubular components of Chilodochona and found strong similiarities to the cortical components of free-living cyrtophorians, and Fahrni (1982) provided similar data for the cortex of Spirochona gemmipara. These observations strengthened further the hypothesis that the chonotrichs arose from a free-swimming cyrtophorian, perhaps a dysteriid-like ancestor. Ultrastructural examination of the attachment apparatus of chonotrichs also showed significant similarities to the attachment apparatus of dysteriid ciliates (Fahrni 1984; Faur e-Fremiet et al., 1968; Faur e-Fremiet et al., 1956) . Snoeyenbos-West et al. (2004) sequenced the small subunit (SSU) rRNA genes of several phyllopharyngean ciliates, including a species of the chonotrich genus Isochona. The Isochona gene sequence robustly clustered within the cyrtophorian clade, sister to the genes of Dysteria species. While Snoeyenbos-West et al. (2004) provided photographic evidence for their identification of the free-living cyrtophorians, Chlamydodon and Dysteria, and identified the source of Prodiscophrya collini as the American Type Culture Collection they did not provide any photographic evidence for their identifications of Acineta sp., Ephelota sp. and Isochona sp. Recent molecular genetic research has confirmed the genetic identities of Chlamydodon, Dysteria, Acineta and Ephelota to other species assigned to these genera (unpublished data; Gao et al., 2012; Qu et al., 2015; Zhao et al., 2014) . However, there has been some skepticism about the validity of the sequence from Isochona sp. (e.g. see Fig. 2 in Gao et al., 2012) . For this reason, in the present study collection of a Chilodochona sp. from the mouthparts of the green crab, Carcinus maenas, was undertaken with the following aims: (1) to confirm that the chonotrichs are closely related to free-living cyrtophorians; (2) to determine if this chonotrich species is sister to the Isochona sp. isolated by Snoeyenbos-West et al. (2004) , and (3) to confirm that the chonotrich clade arose within the cyrtophorian clade, and specifically as a sister-group to the dysteriid ciliates.
METHODS
Sample collection, isolation, and identification. Five green crabs of the species Carcinus maenas were collected near Roscoff, France (48 43¢34 † N; 3 59¢7 † W) in July, 2015. Three of these hosts had populations of Chilodochona carcini Jankowski, 1973 as symbionts on the second maxillae, near the bases of these appendages (Fig. 1) . These ciliates were carefully removed by breaking their stalks using the pointed end of a hypodermic needle. The ciliates were rinsed in 0.22 µm-filtered sea water and preserved in 90 % (v/v) ethanol.
DNA extraction, PCR amplification and sequencing. DNA of Chilodochona carcini was extracted by following the procedures of Irwin & Lynn (2015) . Primers for the small subunit (SSU) rRNA, ITS1, 5.8S rRNA and ITS2 gene regions were the forward eukaryote primers A (5¢-AACCTGGTTGATCCTGCCAGT-3¢; Medlin et al., 1988) and 82F (5¢-GAAACTGCGAATGGCTC-3¢), and the reverse primer LSUR (5¢-GTTAGTTTCTTTTCCTCCGC-3¢; Bourland & Strüder-Kypke, 2010) . Only two of the three populations yielded a positive PCR product. Direct sequencing of both strands of these two populations used the ABI BigDye Terminator v 3.1 (Applied Biosystems) and was conducted by the Nucleic Acid/Protein Service Unit, University of British Columbia (British Columbia, Canada). The sequence fragments were assembled into two SSUrRNA contigs with Geneious ver 7.1.3 (Kearse et al., 2012) and checked for sequencing errors. The two contigs were imported into the ARB rRNA alignment (www.arb-home.de; Ludwig et al., 2004) , and the alignment was refined based on the consensus secondary structure model of the eukaryote SSUrRNA. The taxa selected for phylogenetic analyses and the GenBank Accession Numbers of their SSUrRNA gene sequences are provided in Fig. 2 .
Phylogenetic analyses. The alignment of 62 taxa yielded 1603 positions for the SSUrRNA gene sequence alignment. The best model for the dataset, calculated by jModeltest 2.1.3 (Darriba et al., 2012; Guindon & Gascuel, 2003) and selected by the Akaike Information Criterion (AIC) criterion, was the General-time-reversible (GTR) model with gammadistributed substitution rates and invariable sites (GTR+I+G). Two standard phylogenetic analyses were performed, the maximum likelihood (ML) as implemented in the ARB package as PhyML with the GTR+I +G model and 100 bootstraps and Bayesian Inference (BI) analysis computed using MrBayes ver. 3.2.2 (Ronquist & Huelsenbeck, 2003) with the same model. For MrBayes, three parallel runs were performed and the maximum posterior probability of a phylogeny was calculated over 1 000 000 generations, approximating it with the Markov chain Monte Carlo (MCMC), sampling every 100th generation, and discarding the first 25 % of trees as burn-in. Mean standard deviation of split frequencies (<0.01) was used to assess convergence of the runs.
Constrained analyses. Two constrained topologies were tested against the best MrBayes tree using the Shimodaira & Hasegawa (SH) test and the Approximate Unbiased (AU) test, as implemented in Consel ver. 1.19 (Shimodaira 2002 , Shimodaira & Hasegawa, 2001 ). Specifically tested were: (1) Dysteriidae+Hartmannulidae+Trochochilodon flavus as monophyletic and sister to the chonotrichs Chilodochona carcini and Isochona sp., and (2) (Dysteriidae+Hartmannulidae)and(the chonotrichs Chilodochona carcini and Isochona sp.) as monophyletic and sister to T. flavus. A significance level of 0.05 was used to reject these alternative topologies. 
RESULTS

Morphology of Chilodochona carcini Jankowski, 1973
The two populations collected from crabs at Roscoff corresponded precisely with the description of Chilodochona carcini (Jankowski, 1973) . The body was elongate, almost cylindrical, the peristomal lips were unequal in size, and the body dimensions of ethanol-preserved zooids were 82.3±12.9 (66-110) µm (mean±SD (Range), N=30) in length (L) by 43.5±4.7 µm (33-61; N=30) in width (W), with a L : W ratio of 1.9±0.3
(1.5-2.5; N=30), which falls within the range of 60-110 µm for L reported by Jankowski (1973) . The Roscoff populations had stalks that were 79.2±27.2 µm (44-143; N=30) in length (SL) and about 5.5 µm (N=10) in diameter, with a mean SL:L of 1.0±0.3 (0.6-1.9; N=30); Jankowski (1973) reported the stalk to be 'about the same length as the body or somewhat shorter'. Tomites of the Roscoff population were 42.7±6.3 µm (36-58; N=22) in L and 29.5±5.1 µm (19-38; N=22) in W, which is smaller than the 70Â40 µm reported by Jankowski (1973) . He identified this species as present in abundance on the maxillae and maxillipeds of Carcinus maenas, which he designated as the type host. These Roscoff populations were Fig. 2 . Reconstruction of the phylogeny of cyrtophorian and suctorian ciliates computed with PhyML, as implemented in the ARB package and using SSUrRNA gene sequences. The General-time-reversible model (GTR) with gamma distribution and an estimate of invariable sites was used. Accession numbers are to the right of each species name. Note that the two species of chonotrich, Chilodochona carcini (bold) and Isochona sp. form a fully supported clade, a topology that is statistically supported by SH and AU statistical tests (see Results section). The first number at the nodes represents the bootstrap support for maximum likelihood and the second number represents posterior probability values of the Bayesian Inference (BI) analysis. Dashes indicate support values below 30%. Bar, 7 substitutions per 100 nucleotides.
identified as belonging to Chilodochona carcini. Three of the five Carcinus maenas sampled were hosts for Chilodochona carcini, with populations ranging from moderate (i.e. approximately 100 individuals) to abundant (i.e. approximately 1000 individuals).
Molecular characterization and phylogenetic analyses
The SSUrRNA gene sequences were identical for the two populations: they were 1719 nucleotides long with a GC content of 42.8 %. The phylogenetic analyses used the Suctoria as the outgroup for the Cyrtophoria (Fig. 2) . As discovered by others (Gao et al., 2012; Qu et al., 2015; Zhao, et al., 2014) , the orders Chlamydodontida and Dysteriida, as defined by Lynn (2008) , are not monophyletic. The best ML tree placed the genus Trochochilodon (family Plesiotrichopidae; Lynn, 2008) basal to the dysteriid radiation. Next two clades followed, one as the family Dysteriidae and the other clade including the family Hartmannulidae and the two species of chonotrich (Fig. 2) . Both the hartmannulids and dysteriids have podites, perhaps homologues to the organelle that forms the chonotrich stalk; the genus Trochochilodon lacks a podite (Pan et al., 2012) . This topology confirms that the sequence for Isochona sp. is a chonotrich sequence, supported in all bootstrapped trees for both ML and BI analyses (Fig. 2) . Inspection of the alignment revealed no conspicuous signature sequences or secondary structure features that would unambiguously distinguish any subclades within the Dysteriida; the robustness of the topology is, therefore, explained primarily by the overall similarities in the primary sequences of the cyrtophorian subclades.
Constrained analyses
Both tests for alternative topologies to the SSUrRNA gene tree were rejected, providing log-likelihood and P-values for the AU and SH tests, respectively, as follows: (1) À24 217.52 for Dysteriidae+Hartmannulidae+T. flavus as monophyletic and sister to the chonotrichs Chilodochona carcini and Isochona sp., P 0.011 for both tests, and (2) À24 211.44 for (Dysteriidae+Hartmannulidae)+(the chonotrichs Chilodochona carcini and Isochona sp.) as monophyletic and sister to T. flavus, P 0.013 for both tests. The log-likelihood for the best tree was À24 185.60. Jankowski (1973 Jankowski ( , 2007 and Batisse (1994) provide the most recent reviews of chonotrich taxonomy. Species of Chilodochona inhabit the mouthpart appendages of decapod crustaceans. Jankowski (1973) observed that this is probably the largest genus of chonotrichs with hundreds of species awaiting description, although Jankowski (2007) considered only five to be valid: (1) the type species Chilodochona quennerstedti Wallengren, 1895; (2) Chilodochona aranei Jankowski, 1973; (3) Chilodochona palinuri Jankowski, 1973 ; (4) Chilodochona carcini Jankowski, 1973 and (5) Chilodochona capbretonensis Fernandez-Leborans & Sorbe, 1999. The species found on the mouthparts of the green crab Carcinus maenas had been previously considered to be Chilodochona quennerstedti, identified by Grain & Batisse (1974) on crabs collected near Roscoff. Jankowski (1973) argued that the species of chonotrich found on the mouthparts of Carcinus maenas is unique in body shape and features of the oral cone, including having unequal-sized lips, as well as typically living on Carcinus maenas, which he designated as the type host of a novel species, Chilodochona carcini Jankowski, 1973 . While the species differences noted by Jankowski (1973) are significant, they remain to be tested by molecular genetic characterizations. Given our discoveries on the codiversification of apostome ciliates and their crustacean hosts (Lynn et al., 2014) and given the discoveries of cryptic species in a variety of genera of ciliates (Gentekaki & Lynn, 2012 and references therein), this species has been identified as Chilodochona carcini, in the belief that there is also significant undiscovered biodiversity within the genus Chilodochona. Further investigations into the genetic diversity of these symbionts of crustaceans to confirm or refute Jankowski's hypothesis are awaited.
DISCUSSION Identification of species of Chilodochona
Phylogeny of the Chonotrichia
In the mid-20th Century, the ancestral origin of the sessile chonotrichs was predicted to be within the clade of freeswimming dysteriid-like ciliates, some of which are epibionts on the surface of crustaceans (e.g., Allosphaerium; Dobroza nska- Kaczanowska, 1963; Guilcher, 1951) . The dysteriids have an attachment organelle or podite, with ultrastructural features showing significant similarities to the podite and attachment organelle of chonotrichs (Fahrni, 1984) . Furthermore, the arrangements of the somatic ciliature into two ventral fields, a left field and a right field, are also similar in dysteriid ciliates and in the daughter cells or buds of the sessile chonotrichs (Dobroza nska- Kaczanowska, 1963; Fahrni, 1984; Guilcher, 1951) (Fig. 3) . Snoeyenbos-West et al. (2004) confirmed this ancestry using the gene sequence of the SSUrRNA of an Isochona sp., placing this genus sister to Dysteria spp. Subsequent reports have added to the taxonomic sampling of the dysteriids, and now place the Isochona sp. SSUrRNA gene sequence basal to the family Hartmannulidae (Gao et al., 2012; Pan et al., 2012) . Gao et al. (2012) speculated that the SSUrRNA gene sequence attributed to Isochona sp. might come from a misidentified cyrtophorid, given the radical differences in morphology of chonotrichs and cyrtophorians, and the robust placement of the Isochona sp. SSUrRNA gene sequence within the dysteriid clade. However, with the addition of the SSUrRNA gene sequence from Chilodochona carcini, here the sister-group relationship between the family Hartmannulidae and the subclass Chonotrichia has been confirmed; a relationship that is robustly supported by statistical testing of the topology. This also makes it more likely that the SSUrRNA gene sequence assigned to Isochona sp. is indeed a chonotrich gene sequence. Examination of the original slides used by Snoeyenbos-West et al. (2004) led to agreement that identification as an Isochona sp. is likely to be correct (Fig. S1 , available in the online Supplementary Material). It can, thus, be concluded that the chonotrichs arose from a hartmannulid-like ancestor subsequent to the evolution of the podite or attachment organelle among the free-living cyrtophorians (Fig. 3) . Lynn (2008) assigned four families to the order Dysteriidathe Dysteriidae, Hartmannulidae, Kyaroikeidae and Plesiotrichopidae. Gao et al. (2012) provided SSUrRNA gene sequences of two genera assigned by Lynn (2008) to the family Plesiotrichopidae -Trochochilodon and Pithites. These are not sister taxa based on SSUrRNA gene sequences (Fig. 2) , and there are significant morphological differences that separate Pithites from dysteriids. On this basis Gao et al. (2012) proposed the new chlamydodontid family Pithitidae. Since Trochochilodon is intermediate between the Dysteriida clade and the Chlamydodontida clade and it does not have a podite, they also suggested that the family Plesiotrichopidae might be transferred to the order Chlamydodontida. However, Gao et al. (2012) did note that genetic information for the type genus of the family Plesiotrichopidae -Plesiotrichopus -would be necessary to recommend this transfer with any degree of certainty. Lynn (2008) proposed a revised classification of the ciliates, presenting this with the traditional taxonomic ranks and placing the chonotrichs as the subclass Chonotrichia within the class Phyllopharyngea. Recent revised classifications of eukaryotes (for example, Adl et al., 2012) have recognized that molecular phylogenetic information has complicated this traditional approach. Adl et al. (2012) abandoned the traditional taxonomic ranks, presenting a rankless hierarchy, which can be more easily modified as new molecular phylogenetic information will demand. As the current author prepares for the next revision (Lynn, in preparation) , traditional taxonomic ranks will also be abandoned. In this respect, and consistent with the molecular phylogenetic and evolutionary morphology hypotheses presented above, the Chonotrichia would become a rankless clade at the same level within the clade Dysteriida as the families Dysteriidae and Hartmannulidae.
In conclusion, the SSUrRNA gene sequences for the two chonotrich genera, Isochona and Chilodochona, demonstrate that the chonotrichs are a monophyletic clade that arose from a hartmannulid-like ancestor. This ancestor had likely evolved the ecology of epibiosis on crustaceans, perhaps like the plesiotrichopid Allosphaerium, and had also acquired a podite as an organelle for fixing the ciliate to its host. Further research on the chonotrichs is required in order to determine how genetically diverse this clade has become in relation to the substantial morphological diversity described by Jankowski (1973) .
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